new guidelines that include an intermediate histopathologic type: encapsulated angioinvasive FTC (eaFTC) (7) . Although determination of invasive status is critical for prognostication, even the new classification relies on subjective pathological evaluation of the degree of invasion. The earlier system, despite its limitations, has been demonstrated to predict considerable differences in tumor recurrence, metastatic potential, and mortality, though the 2017 criteria have not yet been similarly validated (8) (9) (10) (11) .
Although the genomic landscape and driver events in PTC have been well described (12) , the molecular etiology of FTC is less well known, particularly wiFTC and eaFTC. Recurrent somatic mutations in the RAS family (NRAS, KRAS, and HRAS) have been reported in FTC, usually in the 61st codon (13) (14) (15) . Most common is NRAS, mutated in 15% to 40% of FTCs (16, 17) . RAS family mutations hold clinical significance, as they have been shown to increase metastatic potential and diseasespecific mortality (18) . The PAX8-PPARg fusion gene is identified in about one-third of FTCs, with estimates ranging from 12% to 56% (19, 20) . Although PAX8-PPARg likely contributes to follicular tumorigenesis, it does not appear to impact prognosis (20) .
The increased availability and accuracy of nextgeneration sequencing technology has allowed recent advances in understanding the mutational landscape of FTC and the major differences between FTC and follicular thyroid adenoma (FTA) (13) (14) (15) . However, nearly all prior sequencing studies in FTC have been performed on miFTC, with limited applicability to the rarer but much deadlier wiFTC. Moreover, there have been few data characterizing the molecular underpinnings of invasion or the genetic distinctions between the different categories of FTC, particularly since the recent introduction of eaFTC in the WHO 2017 guidelines. The lack of genetic markers associated with each category limits the use of the histopathological classification of follicular tumors to surgical specimens rather than fineneedle aspiration (FNA) biopsies.
Our study uses next-generation sequencing techniques and bioinformatics tools to investigate the genomic landscape of FTC, with particular attention to the recently described WHO 2017 histopathological categories of invasiveness. We investigate whether the divergent behavior of these tumors in clinical practice is associated with distinct molecular profiles.
Materials and Methods

Patient cohort and sample acquisition
The 39 patients recruited for this study received surgical treatment at Yale New Haven Hospital (n = 24; FTC600 series) or Karolinska University Hospital (n = 15; FTC1 series) between 2002 and 2013 (Supplemental Table 1 ). All samples were independently reviewed by a minimum of two experienced endocrine pathologists for histopathological confirmation, and poorly differentiated thyroid cancer was ruled out by the Turin criteria, in accordance with the 2017 recommendations from the WHO. Matched normal samples for each tumor were obtained from adjacent histologically normal thyroid or blood leukocyte DNA. The diagnosis and degree of invasion were confirmed according to the 2017 guidelines established by the WHO (7) . Although the 2017 WHO guidelines distinguish Hürthle cell (oxyphilic) carcinomas from FTCs, both Hürthle cell and conventional FTCs were included in this study, as both exhibit invasive behavior. Informed consent was obtained from all patients involved in this study. The acquisition and use of protected health information and tissue specimens were performed as specified by the Health Insurance Portability and Accountability Act (Yale) or Swedish Act on Biobanks (Karolinska). The study was approved by the Yale University and Karolinska Institutet Institutional Review Boards.
Whole-exome sequencing
Genomic DNA was extracted from formalin-fixed paraffinembedded (FFPE) or fresh-frozen tissue. Three 1-mm-thick tissue cores were obtained per block for FFPE samples, with paraffin enzymatically removed and genomic DNA prepared using a proprietary in-house method at the Yale Center for Genome Analysis. Before and after coring, FFPE blocks were sectioned, stained, and analyzed via light microscopy to ensure tissue identity. For fresh-frozen samples, after tissue disruption via sonication, genomic DNA was isolated using the DNeasy Blood & Tissue Kit (Qiagen) in accordance with the manufacturer's instructions. The quality and quantity of isolated DNA were then measured via spectrophotometry (NanoDrop Technologies).
Tumor and normal genomic DNA pairs were then subjected to exome capture and sequencing as previously described (21) . Adaptors of known sequence were ligated to genomic DNA fragments that were amplified by ligation-mediated PCR. Specimens were then subjected to capture using the NimbleGen 2.1M human exome array. Exome-specific DNA was eluted and then underwent 74-base paired-end sequencing on the HiSeq 2000 instrument per the specifications of the manufacturer (Illumina). Removal of PCR duplicates was performed with Picard Tools (http://broadinstitute.github.io/picard). Though 42 tumor-normal pairs originally generated libraries for whole-exome sequencing (WES), 39 of these passed quality metrics and were included in subsequent analyses. The BurrowWheeler Aligner-MEM program was used to map reads to the human reference genome GRCh37/hg19 (22) . Somatic and germline single nucleotide variants and short insertions or deletions were called by MuTect2 using the Bayesian classifier followed by in-house filtering scripts to increase variant calling specificity (23) . Likely false-positives were excluded using the D-ToxoG filter, and variant allele frequencies ,0.10 were manually censored for variant calling (24, 25) . Tumor purity was calculated with a nested approach, taking into account B-allele frequency in loss-of-heterozygosity regions, followed by tumor driver allele frequency and average overall variant allele frequency (26 
Copy-number variation detection
EXCAVATOR was used to examine somatic copy number variation (CNV) in tumors (29) . Briefly, EXCAVATOR normalizes the nonuniform WES read depth taking guanine/ cytosine content into account and thereby calculates the ratios of normalized read depth between tumor and normal for the exome capture intervals and performs segmentation of copy number (CN) data using a novel heterogeneous hidden Markov model algorithm. Somatic CN gain and loss were defined relative to the matched normal samples. The significance of individual CNV peaks was evaluated using GISTIC (30) .
Fusion gene detection in FTC
Fresh-frozen tumor samples (n = 13) were assayed for the presence of three chromosomal translocations common to thyroid carcinoma: PAX8-PPARg, RET-PTC1, or RET-PTC3. The remaining samples from the WES cohort were excluded due to low RNA yield or quality or were in FFPE and not amenable to reliable RNA gene fusion detection. After isolating RNA using an RNeasy Plus Mini Kit (Qiagen), spectrophotometry was used to determine the concentration and purity of RNA (NanoDrop Technologies). We then assayed the samples for the defined chromosomal translocations with the Thyroid Cancer Fusion Gene Detection Kit (THRNA-RT32; EntroGen, Inc.). In this protocol, cDNA synthesis and gene amplification are performed simultaneously. The products are exposed to duallabeled hydrolysis probes designed to detect the amplification products. Fusion gene amplification was detected via a FAM-BHQ-labeled probe in a CFX96 Real-Time System thermocycler (Bio-Rad). Additionally, exome sequencing data were investigated for evidence of somatic gene fusions using the DELLY2 and Manta packages and filtered for recurrent or previously described fusion events (31, 32) .
Mutational signatures, clonality, and pathway analyses
Mutational signatures, as described by Alexandrov et al. (33) , were also analyzed. Signatures of the individual samples and across each type of tumor were constructed through the compilation and quantification of somatic variant patterns using the deconstructSigs algorithm (34) .
SciClone was used to detect clonal populations of tumor cells in each sample (35) . In brief, this algorithm clusters mutations by variant allele frequency to predict subclonal populations within the tumor, focusing on CN neutral regions. For clonality analysis, mutations at a more generous variant allele frequency cutoff of 0.05 were included.
Additionally, using the network and pathway analysis platforms from STRING (https://string-db.org), GeNets (https://apps.broadinstitute.org/genets#), and Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www.genome.jp/ kegg/mapper.html), all called somatic alterations were evaluated to determine if genetic events were enriched in specific biologic pathways. Networks were mapped with any disconnected nodes excluded for visual clarity. The STRING database maps connections between proteins based on experimental data as well as text mining of major biomedical databases (36) . GeNets analysis uses a meta-network of several other protein interaction tools and databases to map connections between genes of interest, whereas KEGG lists all pathways enriched in each set of genes, ranked by number of genes altered per pathway (37) .
Statistical analysis
Clinicopathologic parameters including patient age, sex, tumor size (largest diameter), and American Joint Committee on Cancer (AJCC) stage (7th and 8th editions) (38) and genetic parameters including total count of somatic variants, clonality, and number of cancer-associated driver events were assessed for association with invasive status. All variables were assumed to be nonparametrically distributed due to small sample size. Continuous variables were analyzed using the Kruskal-Wallis test and/or two-tailed Mann-Whitney test, as appropriate, with Dunn correction for multiple testing. Fisher exact test with Freeman-Halton extension was used for categorical variables. Disease-specific survival (i.e., time to death due to FTC) was illustrated with Kaplan-Meier curves, and Cox proportional hazards regression was used for univariate and multivariate survival analysis. All statistical analyses were performed using Prism 7 (GraphPad Software), except for three-category Fisher exact tests, which were performed using VassarStats (vassarstats.net) and Cox proportional hazards analyses, which were performed in R (39).
Results
Patient and tumor characteristics
Twenty-six of the 39 patients included in the exome analysis were female (67%), and 13 were male (33%). The mean age of the population was 55.2 years old (median 54; range 14 to 86 years). The overall median tumor diameter was 3.6 cm, and the majority of patients had stage I or II disease (92%; 36 out of 39) based on AJCC 8th edition. Following surgery, patients were clinically monitored for disease progression or recurrence for a median duration of 5.8 years. The overall recurrence rate and disease-specific mortality rate were both 15% (6 out of 39), as all patients in our cohort who had disease recurrence ultimately died of FTC; these figures are concordant with previously reported trends (5). All patients had surgery, and most had radioactive iodine treatment, whereas only one had cytotoxic or targeted chemotherapy (Supplemental Table 1 ). On average, miFTCs were smaller and found in younger patients, though these differences were not statistically significant. Relative to miFTC and eaFTC, wiFTC had a higher AJCC stage at time of surgery (P = 0.013) and were more likely to recur or be the cause of death [P = 0.0017; Table 1 ; Fig. 1(a) ].
WES
Thirty-nine FTC samples and their respective matched normal samples passed quality metrics after WES. Mean depth of coverage for tumor and normal samples was 258.6 and 115.4, respectively. The proportion of bases with a minimum of 20 times coverage was 96.9% and 93.1% for tumor and normal samples, respectively, with associated error rates of 0.3% and 0.3%. Mean tumor purity was calculated at 70% and not associated with the number of called somatic mutations (Supplemental Fig. 1) .
Overall, there was no considerable difference in total or cancer-specific somatic mutational burden across histologic subtypes, though there was a trend toward more mutations in eaFTC and wiFTC (Table 2) . Mutations in RAS family genes were noted in 20.5% of samples (8 out of 39), all in codon 61. NRAS mutations were found in 5 out of 39 samples, whereas KRAS and HRAS variants were found in 2 and 1 specimens, respectively, with no difference across histologic categories [ Fig. 1(b) ]. TSHR mutations were identified in four tumors. Among known cancer-or FTC-specific driver genes, DICER1, EIF1AX, KDM5C, NF1, PRDM1, PTEN, and TP53 were recurrently mutated in two samples each. Although these were all too rare to be distributed in a statistically significant manner, TP53 mutations were only noted in wiFTC (P = 0.06). There was a trend toward more driver gene mutations in the wiFTC cohort. An additional set of recurrently mutated genes in our cohort have not been previously described as drivers, and though two of these (CAMTA1 and SFPQ) are in the Catalogue of Somatic Mutations in Cancer (COSMIC) cancer gene census, the specific mutations identified in our study are not listed in COSMIC (http:// cancer.sanger.ac.uk/cosmic).
The range of somatic mutational burden across the cohort was 1 to 44 nonsynonymous variants per tumor (mean 12.5; median 10), with no marked difference in mutational signature between subtypes ( Fig. 2 ; Supplemental Table 2 ). Although 55 constitutional variants were noted in potential cancer-associated genes, none of these was in BROCA-curated thyroid cancer susceptibility genes (tests.labmed.washington.edu/BROCA) (Supplemental Table 3 ). There was a higher number of subclones per tumor in the wiFTC category (P = 0.05), though the number of somatic variants in our cohort is low, limiting the reliability of the clonality analysis (Supplemental Fig. 2 ).
CN analysis
Overall, FTCs were defined in our study by a general pattern of CN gain, with differences at some loci between the different tumor subtypes. Arm-level CN events were identified across the genome [ Fig. 1(c) ; Supplemental Fig. 3A and 3B ]. Although the most common arm-level CN events were gains of 5q, 7p, and 12q, recurrent CN losses at 22q were also identified. The regions with the most substantial CN gains were 7q22.3-36.3 and 12q24.33, whereas 1p36.11 demonstrated CN loss (Supplemental Fig. 3C-3E) . The 7q22.3-36.3 region contains 306 genes, including the oncogene PRKAR2B (40). Interestingly, the eaFTC cohort carried recurrent CN gains in region 5q31.3-q35.3, which were not seen in the other tumor types; this region carries the genes CSF1R and NPM1, both of which are implicated as cancer drivers in other studies (41) .
Survival analysis
Invasive status and AJCC stage were significantly associated with disease-specific survival, whereas, surprisingly, tumor size had no statistically noteworthy effect on survival in our cohort [ Fig. 3(a)-3(d) ]. Higherthan-mean total nonsynonymous mutation burden was associated with worse survival, as was burden of cancer driver gene mutations (41) [ Fig. 3 (e) and 3(f)], but not mutational burden of COSMIC census genes or clones per tumor [ Fig. 3(g) and 3(h) ]. Univariate Cox proportional hazards analysis demonstrated that patient age, histologic subtype, AJCC stage, total nonsynonymous mutational burden (as a continuous variable), and number of driver events were all associated with diseasespecific survival. Although the number of events in our cohort was too low to support multivariate analysis of all of these factors at once, total mutational burden was found to predict mortality in a limited multivariate analysis that controlled for stage and histologic subtype (Table 3) .
Fusion gene analysis
Of the available samples tested directly for fusion genes, only one tumor was found to have the PAX8-PPARg fusion gene (7.7%; 1 out of 13). This widely invasive, stage II tumor was successfully resected, and the patient had 10 years of recurrence-free survival prior to the conclusion of this study. This patient had no other known cancer drivers identified in our study. The observed rate of PAX8-PPARg fusion in this study is considerably lower than previously reported (20) , most likely due to the smaller cohort sizes in each FTC category. As expected for FTC, no RET-PTC1 or RET-PTC3 fusion events were identified in our cohort. The algorithmic approach to fusion gene identification from exome sequencing data did not reveal any previously described FTC fusions or any recurrent fusion events across our cohort.
Pathway analyses
KEGG pathway analysis demonstrated enrichment of mutations in the MAPK signaling pathway, as expected, and several generic malignancy-associated pathways, but these were not specific to particular categories of invasiveness (Supplemental Table 4 ). The wiFTC cohort did carry more mutations in several pathways known to be associated with more aggressive malignancies, including cAMP signaling, mitophagy, and longevity regulation. Similarly, protein-protein interaction analysis demonstrated networks of mutations in Ras signaling, cell cycle regulation, and RNA processing, which were not specific to any of the FTC subtypes ( Supplemental Fig. 4) . Interestingly, each subtype of tumor often carried mutations in different genes within similar networks, hinting at a final common pathway of FTC tumorigenesis.
Discussion
Follicular thyroid tumors present a unique dilemma for clinicians and patients. Minimally invasive FTCs carry an excellent prognosis with low risk of recurrence or disease-specific mortality, whereas widely invasive tumors are much more aggressive even with maximally intensive treatment (8) (9) (10) . The new category of eaFTC provides additional granularity in histologic diagnosis, but its effect on prognosis remains unclear. Additionally, the histologic classification requires a surgical specimen in which the capsule can be examined thoroughly, which limits the utility of FNA as a diagnostic tool. Unfortunately, even with the advent of newer molecular markers from thyroid FNA specimens, many patients must still undergo partial or total thyroidectomy to arrive at a definitive diagnosis when faced with a follicular thyroid neoplasm.
Although wiFTCs have a distinctly aggressive clinical phenotype, the molecular evolution leading from a normal thyroid follicular cell to wiFTC is incompletely understood. wiFTC is relatively rare, and most nextgeneration sequencing studies in FTC have analyzed few widely invasive tumors. Furthermore, it is not clear based on currently available evidence whether follicular tumors progress from FTA to wiFTC in a stepwise fashion through miFTC or eaFTC intermediates or whether these subtypes represent distinct entities arising from disparate genetic backgrounds. To determine whether genetic distinctions determine the different histologic categories of FTC as defined in the 2017 WHO guidelines, our group preformed WES analysis of 39 FTC specimens across a spectrum of miFTC, eaFTC, and wiFTC cases.
Our cohort is characterized by relatively modest mutational burden [mean 12.5 nonsynonymous variants per tumor or 0.38 per megabase (Mb)], concordant with other recent studies of well-differentiated thyroid cancer (mean 0.41/Mb for PTC or 0.31/Mb in FTC); although the wiFTCs behave aggressively in many cases, they do not seem to carry the large mutational burden described in anaplastic thyroid cancers (mean 2.7/Mb in anaplastic thyroid cancer or 0.72/Mb excluding hypermutators) (12, 13, 42) . Mutations within RAS genes were noted in 20.5% of our cohort overall. This frequency of RAS mutations is slightly lower than generally reported in FTC, but within the range reported across prior studies. Mutations in the TSH receptor gene TSHR were common in our cohort, found in 10.3% of samples. TSHR mutations occurred in both the miFTC and wiFTC groups. Mutations in TSHR and the RAS family were mutually exclusive and did not appear to occur at significantly different rates based on invasive status in our cohort. Cancer driver genes EIF1AX and DICER1 carried mutations in two samples each; recurrent mutations in these genes were demonstrated in the recent genomic analyses of FTC (13, 15) , and recurrent EIF1AX mutations were noted in a recent WES analysis of anaplastic thyroid carcinoma, the most aggressive thyroid carcinoma (42) . In this cohort, one wiFTC sample was found to have a BRAF K601E mutation, without any other FTC driver events. Although somatic BRAF V600E mutations are found in ;60% of PTCs, they are not historically associated with follicular thyroid tumors (12) . This FTC had no nuclear features of PTC, confirming the diagnosis of FTC rather than follicular variant of PTC. Indeed, recent reports have identified BRAF mutations in a small proportion of FTAs (14) and specifically one BRAF K601E mutation in FTC (13) .
Although only a single driver gene fusion event was identified in this study, WES-indiscernible fusion events such as fusions involving introns playing a driving role in some FTCs cannot be ruled out. Future comprehensive analyses in the field will hopefully identify additional gene fusions in FTC in addition to the well-described PAX8-PPARg fusion gene and other less common fusion events such as THADA (19, 43) .
Our cohort was characterized by numerous somatic arm-level copy changes, including recurrent CN loss of 22q. Losses of 22q have also been identified in recent next-generation sequencing studies of FTCs (13, 15) . The functional consequences of 22q deletion have not been fully elucidated, though one study has shown that these tumors behave similarly to RAS-family mutated tumors on a transcriptional level (15) . The recurrent CN gains identified in 5q in eaFTC and 7q in miFTC and wiFTC may be tumor-driving events in some cases, though the molecular mechanisms have not yet been definitively identified.
Survival analysis demonstrated considerable differences in outcome based on AJCC stage and invasion subtype. Interestingly, the AJCC 7th edition staging system seemed to perform better in our cohort than the 8th edition system, likely due to our cohort's enrichment in more aggressive widely invasive cases, which were downstaged under the new system. The genetics of the tumors also informed the survival analysis, with total mutation burden, cancer driver burden, and FTC driver burden all associated with worse prognosis. Most patients who had recurrence or mortality due to FTC had a more advanced genetic profile as well as more invasive histopathological phenotype, raising the question of which factor is more important. Our multivariate survival analysis suggests that total mutational burden may be a strong prognostic indicator independent of histopathology. Total mutational burden is already in clinical use as a biomarker to guide immunomodulatory treatment in melanoma and other cancers (44) .
Together with histological classification, the genetic profile of invasive follicular thyroid tumors can be used to make informed treatment decisions for patients facing this diverse group of cancers. In this study, the genetic profile seems to predict survival as a complement to the traditional histological approach, and next-generation sequencing is fast becoming affordable and practical for clinical use, particularly in high-volume centers. Whether similar results could be obtained using lessinvasive biopsy specimens remains to be seen, but the approach shows promise of obviating the need for diagnostic surgery for some patients with follicular lesions.
Conclusion
Overall, our data demonstrate that the 2017 WHO subtypes of invasive FTC arise from comparable genetic backgrounds, in spite of the dramatic differences in clinical outcome. The differences in tumor behavior may be due to time elapsed since starting on a shared pathway toward malignancy, as tumors have time to accumulate more mutations and become more aggressive over time, without a signature genetic event defining invasiveness. Alternatively, the difference may lie in the epigenetics or noncoding genetic profile of the tumor or a background thyroid milieu that encourages the more invasive and aggressive behavior even with similar somatic mutational landscape. Some tumors have an aggressive phenotype in spite of relatively bland mutational profiles, lending further credence to the idea of nongenetic driver events in some cases. In the absence of specific genetic markers to guide prognosis in FTC, clinicians will need to rely on an integrated approach to this disease, incorporating clinical, pathological, and genetic factors to guide treatment decisions.
